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ABSTRACT
Nutrient losses in surface and subsurface drainage from crop fields have important water
quality implications. The deterioration of water quality in segments of Lake Champlain has
led to efforts to reduce phosphorus (P) and nitrogen (N) export from agricultural fields.
This thesis presents data from two years of edge-of-field monitoring in two adjacent corn
(Zea mays L.) silage fields in Keeseville, New York. One field has only surface drainage
improvements with monitoring equipment, and the other has both surface and subsurface
drainage modifications and monitoring equipment. The study took place from October
2018 to September 2020 and quantified flow and concentrations of total phosphorus (TP),
dissolved reactive phosphorus (DRP), total nitrogen (TN), nitrate (NO3--N), ammonium
(NH4+-N), and total suspended solids (TSS), in a Tile Drained Field (TD) and an Undrained
Field (UD). For the events fully monitored, the non-growing season (NGS; October 15April 15) dominated runoff with 96% (326.7 mm) and 90% (283.7 mm) of the total runoff
occurring for TD and UD, respectively. The NGS also exported the greatest amount of
nutrients; TD discharged more runoff and N, while UD dominated in P export. The TD
discharged 170.6 mm/year of runoff and exported 11.5 kg TN/ha/yr and 0.135 kg TP/ha/yr.
The Tile Drained Surface contributed 48% (82.6 mm/yr) of the total runoff and 13% (3.0
kg/ha/yr) of the TN export and 73% (0.099 kg/ha/yr) of the TP export. Comparatively, UD
discharged 158.4 mm/year of runoff and 44% less TN export (6.5 kg TN/ha/yr). The UD
field exported 0.144 kg TP/ha/yr, which was 6.8% more TP export than TD. The presence
of tile drainage reduced the total surface runoff volume from TDS, which reduced nutrient
loading from Tile Drained Surface. Five large runoff events all occurred during the NGS,
and contributed the majority of nutrient export and discharge. Overall, the Tile Drained
Surface and the Undrained Surface had higher concentrations and loadings of P, while the
Tile Drained Tile had higher concentrations and loadings of N. The NGS was a critical
period for discharge contributed the greatest amount of runoff and nutrient export.
Management practices should be put in place to reduce these losses during the late fall,
winter and early spring. Optimizing the timing and application rates of N and P should be
implemented to reduce the risk of nutrient export.
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COMPREHENSIVE LITERATURE REVIEW
Phosphorus:
Phosphorus (P) is essential for the growth of plants and animals and is an important
component in adenosine triphosphate (ATP), deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA) (Brady and Weil, 2008). In plants, P is crucial in photosynthesis,
respiration, nitrogen fixation, and root development (Ketterings et al. 2003). Phosphorus is
often one of the limiting nutrients in the growth of plants, with a desirable concentration
of 0.2 mg P/L in soil solution (Pierzynski et al. 2005b). It is considered to be limited in
aquatic environments because there is so little of it in freshwater systems naturally (King
et al. 2015). Total P (TP) concentrations in soils range from 100 to 3000 mg/kg, often with
less than 1% available for plant uptake (Pierzynski, 2005a; Condron, et al. 2005). The
amount and forms of P naturally present in soils are dependent on parent material, texture,
weathering, and biological processes (Tiessen et al. 1984; Young et al. 2012).
Phosphorus, like other elements, has many forms, each with unique properties, and can be
broadly divided into its organic or inorganic forms and by its solubility. The most plantavailable (bioavailable) form in soil-water systems is orthophosphate, PO43- (the primary
form measured as dissolved reactive P or DRP), which acts as a Lewis-base (Sharpley et
al. 1992). The orthophosphate forms soluble inner- or outer-sphere complexes with hard
Lewis-acids such as Ca2+, Mg2+, Al3+ and Fe3+, and can adsorb to the edges and surfaces of
hydrous oxides, clay minerals, and carbonates by replacing H2O or OH- (Pierzynski et al.
2005a). Outer-sphere bonding is rapid due to electrostatic interrelations between negatively
charged phosphate molecules and protonated mineral surfaces (typically hydroxides of Al
and Fe) associated with soil particles (Mao and Yue, 2016). Outer-sphere bonding is
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reversible and the P sorbed may be desorbed relatively easily to become bioavailable.
Inner-sphere complexes are strong and have direct bonds between the adsorbed ion and the
atom in the colloid surface, and are generally considered irreversible under most conditions
and therefore are not readily bioavailable (Brady and Weil, 2008). Sorption is essential for
nutrient uptake by plant roots, influencing soil fertility and crop yields. However, sorption
can retain nutrients such as P so strongly that they are relatively immobile in soils, like in
inner-sphere adsorption (Pierzynski et al. 2005b). The sorption of phosphate on lake
sediments that move into the lake has a major influence on transport, and ultimate fate of
P in lake systems (Wang et al. 2007). Orthophosphate is an important form of P to study in
freshwater systems in relation to eutrophication but is not the only source of accelerated
eutrophication.
Another form of P is unreactive dissolved P; it is primarily organic P that resides near the
surface where there is organic matter and microorganisms. It is unavailable until
mineralized to orthophosphate via bacterial oxidation and/or hydrolyzed to orthophosphate
(Wang et al. 2007). The phosphate that is released during mineralization can also be
immobilized by microbes that convert it back into organic P. In agricultural systems that
use fertilizer to add inorganic P to the soil there is a net immobilization of P when
mineralization and immobilization rates are taken into account (Condron, et al. 2005). Total
dissolved P (TDP) is a combination of inorganic and organic P available after filtration
(<0.45 µm) and digestion. Particulate P can be organic or inorganic and represents the
fraction that is insoluble and bound to solid soil particles. Orthophosphate is immediately
available for plant uptake while particulate P can act as a long term source of P for aquatic
2

biota (Sharpley et al. 1995). Particulate P can be released during anoxic conditions because
when reducing conditions occur, the P desorbs from iron oxide surfaces, releasing much of
the P content back to the water column as orthophosphate (Correll, 1998). Long term
accumulated sources of P are known as legacy P and this P can be remobilized or recycled,
acting as a continuing source to water bodies for years, decades, or even centuries (Sharpley
et al. 2013). The many different forms of P each play a unique role in the terrestrial and
aquatic environments.
Essential in plant productivity, P in surface waters is a primary factor controlling the
eutrophication of freshwater bodies (Sims et al. 1998). Total P concentrations that exceed
20 μg P/L can cause environmental problems (Pierzynski et al. 2005b). Phosphorus levels
above 20 μg/L can stimulate algal growth and lead to freshwater systems becoming
eutrophic. Anoxic (less than 2 to 3 mg/L O2) conditions occur with the decomposition of
the algae, leading to potentially disastrous effects on fish and aquatic health (Brady and
Weil, 2008). In eutrophic systems, bottom waters become anoxic, and P in those bottom
sediments is released, diffusing back into the water column (Correll, 1998). Nutrient runoff
from agricultural fields is a source of P that contributes to eutrophication, along with
developed lands such as sewage treatment centers and urban runoff from cities. Surface
waters receive most P from surface water runoff rather than groundwater since
orthophosphate typically adsorbs to the soil and sediments (Correll, 1998). The primary
pathway for P loss from tilled agricultural fields has been attributed to erosion from surface
waters (Skaggs et al. 1994). Phosphorus is critical in understanding the connection between
agriculture and the environment, as is nitrogen.
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Nitrogen:
Nitrogen (N) is an essential and often limiting nutrient for plant growth. From a soil
management perspective, the N in organic matter and inorganic forms, such as nitrate
(NO3--N) and ammonium (NH4+) are of the greatest importance, with gaseous N oxides
(N2O, NO, and NO2) having important environmental implications (Pierzynski et al.
2005b). Nitrate is the most abundant of soluble N forms in most soils. It is also the most
important form of N in non-flooded soils (Bronson, 2008). Excess N can create algae
blooms in salt or brackish water, causing a state of hypoxia or low oxygen (Diaz and
Rosenberg, 2008; Foy, 2005). Excess NO3- levels in soils are not desirable because it is a
mobile anion and can, therefore, move with surface runoff, and subsurface flow into
groundwater, lakes, streams, and estuaries (Bronson, 2008). Nitrate is the dominant form
of N lost due to its solubility and ability to leach through the soil profile. Nitrate has the
potential to cause methemoglobinemia (blue-baby) syndrome when NO3- levels exceed 10
mg/L, the maximum limit in drinking water (US EPA). This condition can be fatal to young
infants when hemoglobin (Fe2+) in red blood cells oxidizes to methemoglobin (Fe3+)
(Knobeloch et al. 2000). Nitrogen forms are important to understand as they can have
serious impacts on environmental and human health.
Like P, N can be broadly categorized into two forms, inorganic or organic. Liquid dairy
manure (feces and urine), generally contains N in the form of ammonium (NH4+) and
organic N. Organic N can also be found in soil organic matter, and crop residues. Organic
N in these sources is converted to inorganic N through the mineralization process, in which
the plant-available ammonium ion (NH4+) is released (Fernandez and Kaiser, 2018). The
4

exchangeable NH4+ cation can interact with the negatively charged soil and soil organic
matter. Therefore, NH4+ leaching losses are often limited but it can be transported in surface
runoff because it is soluble. In one study, lower NH4+ losses were found when applied
fertilizer was incorporated into the soil, and generally, all NH4+ concentrations in surface
runoff were less than 10 mg/L (Zhao et al. 2001).
Ammonium-N that is not taken up by plants is subject to other changes in the N cycle, such
as nitrification (NH4+-N to NO3- N) (Fernandez and Kaiser, 2018). Nitrate is the second
and final product of the nitrification process when NO2- is oxidized. Both mineralization
and nitrification processes are most efficient in warm, aerated, and moist soils (Jansson and
Persson, 1982; Schmidt, 1982). In saturated soil, reducing conditions can prevail due to the
lack of available oxygen. These conditions limit nitrification, and therefore NO3production from NH4+ is slowed. Denitrification, the biological reduction of nitrogen
species to N2 gas, dominates in reducing conditions (Gilliam, Skaggs and Weed, 1979).
Biological denitrification occurs when soil microorganisms reduce nitrate to nitric oxide
(NO3- to NO), nitrous oxide (N2O) and nitrogen (N2) under oxygen-limited conditions.
Nitric oxide can cause the photo-oxidation of O3 (ozone) in the stratosphere, reducing the
capacity of the ozone layer to protect the earth from ultraviolet radiation and contributing
to climate change (Pierzynski et al. 2005b). Immobilization is the process in which NH4+
and NO3- are taken up by microbes and plants or converted into biomass. Nitrogen goes
through many transformations when added to the soil, carried out by soil microorganisms,
which alter the form and oxidation states of N (Pierzynski et al. 2005b). All of these
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biological processes are slowed in cold temperatures, and N cycling may be less efficient
during the winters of regions that get cold enough to freeze the soil surface layers.
Nitrogen loss from soils is dependent on many factors, including soil type, texture, drainage
class, climate, and management practices. Sandy soils, which typically are well-drained,
will behave differently from clay soils. Removal of N from soils can occur from crop
uptake, leaching, preferential flow, surface runoff, erosion, and denitrification. Soil
properties such as structure and texture determine the amount of leaching or downward
transport of NO3-. Leaching occurs more commonly in well-drained to excessively welldrained soils that consist of coarse sand and gravel. Preferential flow, which rapidly
transports nutrients that are applied at the surface deep into the soil profile, can aid the
removal of N from soils to tile drains. (Mulla and Strock, 2008). Due to shrink-swell
properties of clay, water flow is often dominated by macropore flow as it moving
preferentially through larger pores. Soil characteristics like texture and drainage alter the
way N moves and transforms throughout soils.
Aquatic growth in freshwater systems are generally considered P limited. Nitrogen tends
to cause eutrophication in saltwater environments (Correll, 1998). The 2nd largest hypoxic
zone in the world is the northern Gulf of Mexico, covering more than 14,500 km2 in the
summers of 2004 through 2013 (Rabotyagov et al. 2014). This dead zone has been
attributed to the increase in nutrient (mostly NO3- at a 300% increase since 1950) export
from the Mississippi river due to agriculture (Rabalais, Turner and Wiseman Jr., 2002).
The areas surrounding the northern sections and headwaters of the Mississippi have
become some of the highest producing lands in the U.S. for corn and soybean. Corn and
6

soybeans are known to have high NO3- leaching compared to alfalfa and grains (Blann et
al. 2009). Fertilization rates are correlated to N export, and therefore increased agricultural
land use and fertilization in the Midwest is likely adding to substantial N export (Mulla and
Strock, 2008).
Many studies have been conducted on N loss from agricultural fields, especially in the
Midwest and the Southeast United States. Saline environments are more sensitive to
eutrophication and have a lower threshold of N (0.06 mg N/L) and are more responsive to
changes in N concentrations (Pierzynski et al. 2005b). Because of this, there is a gap in
research in other areas in the US like northern NY, where most agronomic research focuses
around P. There is a need for more research in the poorly drained soils in the Lake
Champlain Basin as there is a potential for N to be mobilized, traveling with preferential
flow and potentially cause water quality issues.
Soil Hydrologic Processes:
All life depends on the hydrologic cycle, which is the global scale continuous recirculatory
process that controls the movement of water through processes such as evaporation,
precipitation, or transpiration. Water vapor formation and transport of vapor and liquid in
the atmosphere are driven by solar energy, while precipitation and the movement of water
below the earth’s surface are driven by gravitational and capillary forces (Hornberger et al.
2014). Precipitation is either stored in the soil, returned to the atmosphere, or is discharged
from the soil as runoff in surface or subsurface flow. The soil water budget is the balance
of precipitation, evapotranspiration, and soil storage (Brady and Weil, 2008). The
hydrologic cycle is necessary for plants and animals and is controlled by natural forces.
7

Water movement is influenced by soil physical properties, such as texture, which control
soil permeability and storage capabilities. The United States Department of Agriculture
(USDA) ‘textural triangles’ are used to define the textural classes of soil (e.g., sand, loamy
sand, sandy loam, silt loam, clay loam; Figure 1) based on the proportion of sand, silt and
clay (Fanning and Fanning, 1989). Sandy soils tend to have large pores that cannot hold
water against the pull of gravity. Sand particles that range in size 0.05 mm to 2 mm have
low specific surface area (SSA); therefore, they cannot hold onto water or nutrients.
Specific surface area refers to the surface area of an object relative to its mass or volume.
Silt particles are smaller than sand ranging in size from 0.05 mm to 0.002 mm, and because
of this larger surface area that is generally unreactive, they retain more water than sand.
Silt is prone to erosion from wind and water due to its low inherent plasticity. Clay particles
are smaller than 0.002 mm and have the greatest amount of SSA, giving clay the greatest
capacity to adsorb water and other nutrients.

Figure 1. The USDA textural triangle that describes how each of the 12 textures are
classified based on the percent of sand, silt, and clay in each.
8

The amount of each soil constituent affects soils physical properties. Water holding
capacity, soil strength, and chemical adsorption are all dependent on the amount and kind
of clay present (Brady and Weil, 2008). The physical behavior of soil is determined by its
soil texture; if there is clay, then the clay will affect its physical behavior since clay exhibits
the greatest specific surface area (Hillel, 1971). Finer textured soils have smaller pores,
which tend to impede water flow. They also tend to have greater total porosity (pore space
volume) and higher surface areas relative to coarser soils. Specific surface area is directly
proportional to adsorption sites; as surface area increases, so do adsorption sites (Därr and
Ludwig, 1973). Adsorption refers to the adhesion of molecules or particles to the surface
of another object, in this case, soil. These physical properties of soil control factors behind
soil permeability and storage capabilities.
Groundwater flow is a function of the hydraulic gradient, controlled by hydraulic
potentials. It is described by Darcy’s Law (Equation 1.1), which states that water in a
porous medium will flow in the direction of decreasing head and is directly proportional to
the hydraulic gradient.

q=-K dh/dl

[Eq. 1.1]

Where q is discharge, K is saturated hydraulic conductivity, and dh/dl is the hydraulic
gradient. Saturated hydraulic conductivity (K) is the ability of a porous medium to transmit
fluid, dependent on both fluid and porous medium properties (Hornberger et al. 2014).
Hydraulic gradient (dh/dl) is the change in hydraulic head per unit distance and is the
driving force in flow under saturated flow through a porous medium (Hornberger et al.
2014).
9

The concept of soil-water potential is another key component of hydrology in soils, which
characterizes water in the soil and its potential energy state. Soil water follows the tendency
to flow from high to low potential, in the direction of decreasing potential energy (Hillel,
1971). Matric potential occurs due to the adsorption of water to particle surfaces as well as
the cohesion forces between water molecules attracting them to each other. Matric potential
increases as soil textures get finer, and specific surface area increases. Osmotic and thermal
potentials have a relatively small impact on groundwater flow compared to gravitational,
pressure, and matric potentials. In saturated groundwater flow, gravitational forces play a
substantial role in lateral water movement. In unsaturated conditions, the gravitational
forces have little effect due to the small amount of water, so lateral groundwater flow is
mostly a function of matric forces (Hillel, 1971).
When a significant amount of rainfall or snowmelt occurs, the soil can become saturated,
filling the pores with water. After saturation, water percolates through the soil until it
reaches field capacity. At field capacity, excess water has drained from pores, and the
remaining water is stored in smaller pores held and sorbed to particles by matric forces. On
the other end of the spectrum is a soil’s wilting point, the wilting point is the lowest water
content a soil can have in order to sustain plant growth (Brady and Weil, 2008). As soils
dry due to plant evapotranspiration, as well as warm and dry conditions, soil can reach its
wilting point.
Soils that are poorly drained often have surface runoff. Surface runoff occurs when the soil
is saturated with water (saturation excess flow) or when the rainfall rate is greater than the
infiltration rate into the soil (infiltration excess flow). This second process results in the
10

accumulation of excess water at the surface causing overland flow to occur (Hortonian
overland flow) (Hornberger et al. 2014). The route that water takes off agricultural fields
can have important environmental impacts. Surface drainage water travels over the soil
surface, whereas subsurface drainage water moves more slowly through the soil profile
(Skaggs et al. 1994). Soil infiltration rate is how fast water enters the soil and is a function
of soil texture, structure, soil moisture content, and hydraulic gradients.
Very poorly drained areas will saturate as infiltration and drainage rates are slower than
water input; this can cause the water table to be very close or at the soil surface. Soil
scientists classify soils in a range from very poorly drained to excessively drained. In very
poorly drained soils water is removed so slowly that water remains at or near the surface
during the growing season. Conversely in excessively drained soils water is removed very
rapidly (NRCS, 2016).
Water table depth plays a role in the ability of water to infiltrate. Water table elevation and
height generally have to do with the depth to bedrock, parent material, relative topographic
location (hill or valley), and the weather. Water tables fluctuate seasonally reflecting
evapotranspiration and annually depending on total precipitation over time (Brady and
Weil, 2008). Water tables vary based on site specifics due to environmental features and
are important to understand from a ground water and hydrologic perspective.
Slope, topography, and depressions in fields affect runoff and soil hydrology. Fields with
low slopes and more depressions are likely to have greater amounts of ponding, slower
surface runoff responses, and low runoff rates (Haggard, et al. 2005). Steep fields tend to
have more erosion than low sloped fields due to higher flow rates. A low sloping field with
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depressions is likely to form pools as water accumulates on the surface (Smith et al. 2015).
A 2019 study found that a natural sloping landscape increases runoff rates and
concentrations of nutrients can be heightened in the loading exported off the field (Plach
et al. 2019).
Nutrient Runoff Impacts on Lake Champlain:
As introduced above, elevated P and N levels lead to eutrophication in saline and
freshwater systems. Lake Champlain is one of the largest freshwater lakes in North
America; it borders NY and Vermont and the province of Quebec. The Lake Champlain
Basin Program (LCBP) was created by Congress to help prevent pollution and develop a
plan to work together with the shared waterbody. Lake Champlain supplies 200,000 people
with drinking water (Lake Champlain Basin Program, 2018). Located between the
Adirondacks and the Green Mountains, its beautiful location is known for its boating,
fishing, and swimming. The areas surrounding the lake rely economically on tourism,
which is affected by water clarity. A 2015 study found that a one-meter decrease in water
clarity would lead to a $12.6 million reduction in tourism expenditures and a total economic
reduction of nearly $16.8 million (Voigt et al. 2015).
Algal blooms have the potential to be harmful, as some cyanobacteria or blue-green algae
species produce toxins. Lake Champlain has seen increasing trends of P concentrations that
are leading to reoccurring algal blooms, some of which may be toxic (Smeltzer et al. 2012).
These toxins can have adverse health impacts on animals, aquatic ecosystems, and humans,
such as elevated incidence rates of liver cancer in humans whose water is from eutrophic
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sources (Foy, 2005). In addition to the adverse effects of eutrophication on the
environmental and human health but also local economies, growth, and tourism.
Phosphorus discharged into Lake Champlain originates from point sources (wastewater
treatment plants) and non-point sources (agriculture, urban areas, forest sources, and
streambank erosion) (Lake Champlain Basin Program, 2018a). Nonpoint sources account
for about 90% of the total P entering Lake Champlain. A 2007 study estimated that 46%
of non-point source pollution is from urban areas, while 38% is from agricultural lands
(LCBP, 2018b). While point sources are easier to identify, fixing the source may be costly.
Conversely, non-point sources are more difficult to identify and are often not as costly to
fix, but are more difficult to correct due to the difficulties associated with implementing
improved nutrient management practices (Pierzynski et al. 2005b). Identifying and
reducing nonpoint and point sources of nutrients is essential in protecting and improving
the health of an ecosystem.
Best Management Practices:
Best management practices (BMP) and nutrient management plans have been implemented
and encouraged in many regions to improve soil fertility, increase crop yields and reduce
nutrient runoff. The principals of nutrient management BMP are to reduce to total amount
of nutrients available for loss, and to decrease the mobility of nutrients and to limit the risk
of transport (Liu et al. 2019). Practices include managing P application rates, source, and
timing to avoid the potential for direct transfer to surface waters (Sharpley et al. 2009).
Nutrient management planning involves setting realistic yield goals, determining crop
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nutrient needs, calculating necessary manure rates to maximize yields, reduce costs and
reduce environmental effects from nutrient loss.
The original NY phosphorus runoff index was released in 2003 to assess the potential for
P to move from agricultural field to surface waters. In order to accomplish this critical
source areas, where high P concentrations exist and high transport potential areas meet
need to be identified in order to reduce P export (Sharpley et al. 2003). Source areas include
soil test P, expected time, rate and method of manure and fertilizer application. Phosphorus
transport risk takes into account soil drainage class, erosion estimates, flooding frequency,
presence of significant concentrated flow area (surface drainage), and the distance from a
stream or ditch (Czymmek, et al. 2003).
The updated NY P index (NY-PI 2.0) uses transport and BMP to score fields on factors
that drive the transport of manure and fertilizer P from agricultural fields (Czymmek, et al.
2020). Scores can be lowered by implementing BMP that reduce the risk of P transport.
The score rates fields for relative risk of particulate and dissolved P runoff and then
implements management change to reduce P runoff risk. The NY PI 2.0 identifies four
loss interpretation categories: low, medium, high or very high. The risk of P loss translates
into management practices that are either N based, P based or Zero P additions. Nitrogen
based applications should not exceed annual crop N needs, P based should not exceed
annual P crop removal and zero P management calls for no manure of fertilize additions of
P (Figure 2; Czymmek, et al. 2020).
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Figure 2. Management implications of the NY-PI 2.0 based off of transport factor score,
BMP score and the STP for P loss risk.

Incorporation of manure is a way to decrease nutrients and water interactions leading to
lower soluble P losses rather than broadcast application (Pierzynski et al. 2005a). Results
from a study in Willsboro, NY, found that incorporating manure into the soil reduced both
P concentration and loading from tile drains in eight experimental plots (Geohring et al.
2001). Another study found that managing soil P can improve water quality. Lowering
fertilizer P inputs showed a large potential to reduce dissolved P concentrations in both
snowmelt and rainfall-runoff. These findings suggest that soil P drawdown can be an
effective strategy for P loss reduction (Liu et al. 2019b).
Aiming BMP at specific nutrients is necessary to reduce nutrient runoff. Nitrogen BMP
include reducing application and using soil tests to determine available N. Nitrogen loss
reduction can be achieved through multiple processes including reducing nitrogen sources
with a nitrogen management plan, increasing nitrogen uptake by plants by planting a winter
cover crop, reducing drain flow with controlled drainage and increasing denitrification
(Wright and Sands, 2001). Denitrification occurs when bacteria convert NO3- to N gas in
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waterlogged soils. It is generally limited to top soils, and can occur rapidly when soils are
warm and become saturated for two or three days (Fernandez and Kaiser, 2018). For
improved nitrogen management, use the “4R” practices, aimed to identify the right nitrogen
source, applied at the right rate, at the right time, and in the right place (Christianson et al.
2016). By using the 4-R approach N losses can be lowered. Vetsch et al. (2019) evaluated
the impacts of N application rate and timing and found that nitrate concentrations and loads
in subsurface drainage water increase as N rates increase.
Nitrogen is important to understand, test for, and balance in agricultural settings to reduce
excess applications. Testing for nitrate at the right time is necessary because, during the
fall, winter or spring in the eastern USA, high-intensity precipitation events occur leading
to nitrate being leached or denitrified before a summer crop is planted. A test for
determining in-season N requirements is the pre-sidedress nitrogen test (PSNT). The PSNT
is used to determine if there will be enough N in the soil for the maximum economic yield
of corn. The N leaching index is another indicator of the potential for N to reach
groundwater (Ketterings et al. 2003).
Cold climate agricultural regions are not as well understood as warm weather agricultural
regions. Designing BMPs to sustain water quality in cold-weather regions requires an
understanding of the timing, seasonal variation, and dominant pathways (surface or
subsurface) of water and P losses from fields (Plach et al. 2019). Even with BMPs in place,
impacts may be delayed due to past land management practices that have allowed nutrients
to build up in the soil (Liu et al. 2019b). Understanding past management and designing
BMPs for specific areas can lead to decreased nutrient loss from agricultural fields.
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Agricultural Drainage:
Much of the world’s most productive agricultural lands are located in regions where
wetlands were once the land’s primary feature (King et al. 2014). Therefore, many
agricultural soils require drainage enhancements for profitable production. Drainage can
be provided through surface and subsurface modifications or a combination of the two. In
some states, surface drainage is more frequently used, with about 66% of the total rural
area drained in the U.S. having only surface drainage improvements, compared to 34% that
has improved subsurface drainage (Skaggs et al. 1994). In some areas of the U.S., such as
the upper Midwestern region, 37% of the land is tile drained (King et al. 2014). Improving
drainage reduces the risk of crop loss from excess water, maximizes crop yields (Blann et
al. 2009), helps farmers plant earlier, increases trafficability, and increases the water
storage capacity within the upper layers of the soil profile (King et al. 2014).
Surface drainage improvements include land smoothing, grading, precision land forming,
and/ or bedding to remove depressional areas. Surface improvements are generally less
expensive and are emphasized in the initial stages during development for agricultural use.
Although useful in preventing water from ponding at the surface, surface drainage is not
effective in removing excess water from the soil profile, so many favor subsurface drainage
in addition to surface drainage enhancements (Skaggs et al. 1994).
Subsurface drainage uses tile drains; typically, they are made of corrugated and perforated
PVC pipes. Tile drainage works by groundwater entering the perforations through the
bottom of the tile, so water flows up into the tile and then through the tiles out of the field
(Schwab and Fouss, 1999). Some important considerations for agricultural drainage
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practices include slope profile, soil type, and drainage spacing. The depth and spacing of
the tile lines are generally based on crop production goals and soil characteristics, including
saturated hydraulic conductivity, crop and soil management, and extent of surface
drainage. Also, ‘systematic’ tiling is a type of drainage design used for long wet areas such
as those next to flat drainage ways. While, a random system is used where the topography
is rolling and contains isolated wet areas (Hofstrand, 2015). A close relationship exists
between soil permeability and recommended drain spacing and depth (Wright and Sands,
2001). For example, a silt loam soil that has moderately low permeability needs about 18
meters of drain spacing and about 1-1.5 meters in depth to have excellent drainage, while
a clay loam with very low permeability requires 10-meter spacing and about 1 meter in
depth to have excellent drainage (Wright and Sands, 2001). Overall, site specific factors
play a critical role in the movement of water through soils, affecting drainage efficiency
and total volume.
Effects of Tile Drainage on Nutrient Runoff:
Tile drainage has implications for agriculture land use, as it alters the hydrology of a field.
In tile drained fields, the water table is effectively lowered by the removal of excess
groundwater. By lowering the water table, excess water is not stagnant throughout the soil
profile as the tiles increase the drainage efficiency by removing excess water from the
profile, therefore, preventing ponding. This creates higher quality growing conditions,
producing a higher value crop, more uniform crop production, improved soil structure,
reduced soil erodibility, and creates greater water storage capacity (Fraser and Fleming,
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2001). These benefits are created as the well-aerated environment allows enhanced
availability and uptake of nutrients.
Tile drainage also allows greater infiltration and distributes runoff over a longer time
frame, decreasing peak discharge rates, and reduces surface runoff (Gardner et al. 1994;
Fausey et al. 1995). Reduced surface runoff results in decreased soil and nutrient erosion.
Seven years of field data in Louisiana showed that subsurface drainage reduced annual soil
losses by 42% on average and six years of monitoring found an average of 36% decrease
in soil loss with improved subsurface drainage (Skaggs et al. 1994). Subsurface drainage
increases the available pore space for infiltration of rainfall, reducing the proportion of the
total outflow occurring as surface runoff, and increases the proportion that is removed
slowly by subsurface drainage (Skaggs et al. 1994). Subsurface drainage improvements
can increase total outflow by 10-25% (King et al. 2015a). Studies have shown that
subsurface drainage improvements induce shorter surface ponding duration, increased
infiltration and percolation, and reduced antecedent soil moisture (Skaggs et al. 1994).
There have been many studies conducted on tile drainage about its benefits and impacts.
Tile drains increase rates of infiltration, create greater trafficability of fields, extending the
growing season, and increasing yields (Skaggs et al. 1994); thus alleviating some cropproducing concerns agriculture faces. Tile drainage has been found to increase crop yields
by 5-25% in poorly drained soils (Wright and Sands, 2001; Blann et al. 2009; King et al.
2015a). The more consistent nature of tile drainage is important with the changing weather
patterns. With all the research, questions remain with the effects of tile drainage on nutrient
runoff.
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Some of these impacts include nutrient runoff of P, N, and also the export of water from
fields. Many studies across the U.S. have documented that intensive subsurface drainage
will increase NO3- N losses from fields, while decreasing the loss of sediment, P, and
organic N (Skaggs et al. 1994). Subsurface drainage systems increase the movement of
NO3- from fields to surface waters. These increases are due to increases in drainage rates,
nitrification due to aeration and decreases in denitrification caused by deeper water tables
(Skaggs et al. 1994; Blann et al. 2009; Fausey et al. 1995). In Indiana, Kladivko et al.
(1991) did research that indicated that most (about 90%) of the NO3-N removed with
subsurface drainage occurred during the non-growing season (NGS, October 15 to April
15). The study noted that with less intense drainage with wider spacing (12 meters and 24
meters), compared to narrow spacing (6 meters), subsurface water discharge has lower
nitrate concentrations. Tile drainage can be a conduit for NO3- loss; a 2009 study found
that in humid temperate regions 88 to 95% of NO3- N loss through tile drains can occur
during the NGS (Drury et al. 2009).
Evans, Skaggs, and Gilliam (1995) found that tile drainage reduced P export by 40-50%
compared to fields without tile drains. Tile drainage can decrease P loss as it is often
sediment bound (Particulate P), and erosion rates can be decreased with subsurface
drainage (Skaggs et al. 1994). Particulate P losses can account for about 80% of P
transported in overland flow from cultivated land (Sharpley et al. 1992). However,
subsurface drainage can also be a significant pathway for P transport. In some cases, both
soluble and particulate P can be exported through tile drainage; as the surface and
groundwater become hydraulically connected (Mulla and Strock, 2008). The leaching of P
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downward through the soils is of major concern, especially where the lateral flow is
enhanced by tile drainage (Pierzynski et al. 2005a; Geohring et al. 2001). Losses can vary
between coarse- and fine-textured soils, attributed to differing subsurface flow pathways
and soil reactive properties. In fine-textured soils, preferential flow can be the main
pathway to tile drains while in loam textured soils matric flow tends to be the dominant
pathway (Plach et al. 2019).
While tile drains can create more consistent, productive, profitable land, research is
necessary to quantify potential impacts. There is a need for more studies to be conducted
on tile drainage and surface drainage in the Lake Champlain Basin to reduce non-point
sources of nutrients. Determining the timing and pathway that nutrients flow will narrow
the focus and help implement treatments and regulations necessary for the betterment of
the environment.
Hydrograph Separation:
Rivers and streams respond to the input of water from rainfall followed by a decrease as a
river returns to baseflow or the portion of streamflow originating as groundwater or other
delayed sources (Hall, 1968). This describes the shape of a hydrograph (Figure 3).
Hydrographs are graphs that show flow rate over time, and can be used to characterize
runoff events or compare flow rates. Hydrograph shape is determined by the contributing
watershed flashiness and water storage capacity. A flashy watershed will have a steep
rising limb, and can also cause higher peak flows. A larger storage capacity will broaden
the hydrograph peak, and cause a longer falling limb on the hydrograph. Croplands that are
managed intensively typically store less water, runoff can be higher and flashier than lands
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that are more naturally drained (Blann et al. 2009). The addition of tile drainage to
previously undrained land can substantially alter the total water exported from a field as
well as the timing and shape of the hydrograph (Schilling and Helmers, 2008; Blann et al.
2009). Schilling and Helmers (2008) concluded that tile drainage primarily affects the
baseflow potion of stream discharge. Seasonal increases in baseflow were observed in late
spring and early summer in extensively tiled watersheds. Event intensity and frequency can
also alter the hydrograph creating a steep rise to peak flow, or during a slower long term
event have a broader hydrograph while still delivering the same amount of water. As more
frequent and intense storm events occur understanding how tile drainage effects hydrology
will become increasingly important.

Figure 3. Hydrograph anatomy of a storm event. The orange line is the constant slope
hydrograph separation method that separates stormflow from baseflow.

Tile drainage can affect natural watershed hydrology, and these effects at a watershed scale
are not well documented. Understanding the effects of tile drainage in a streamflow
hydrograph is important when considering nutrient discharge from a tile drainage systems
compared to a normal groundwater seepage into streams. In natural systems groundwater
flows through riparian zones where biological processing can reduce the transport of
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nutrients or contaminants to surface water, for instance research has shown the
groundwater nitrate concentrations often decrease through riparian stream zones. In
comparison water that flows through tile drainage bypasses the natural groundwater
treatment in riparian soils by discharging water from upland agricultural fields directly to
streams. It has also been found that watersheds that have tile drainage systems are
susceptible to increased levels of agricultural nutrients. Losses from tile drains such as
nitrate, P and pesticides can account for significant nutrient and pollutant loading to surface
waters (Schilling and Helmers. 2008). Hydrographs are also useful for examining nutrient
export over an event. They provide information on the timing of nutrient export. For
instance, high P concentrations are usually seen on the rising limb of the hydrograph and
are directly correlated with the peak of the hydrograph (Williams et al. 2015; Blann et al.
2009). Baseflow discharge can dominate nitrate and dissolved P losses, where stormflow
discharge contributes to total P and suspended solids transport (King et al. 2015; Schilling
and Helmers, 2008; Schilling and Jones, 2019). While hydrographs are useful for
examining nutrient export, using hydrograph separation can help characterize hydrologic
pathways further.
Hydrograph separation of tile drainage flows can be used to better quantify hydrological
pathways in tiled landscapes and improve the design, implementation and evaluation of
nutrient reduction strategies (Schilling and Helmers, 2008). Hydrograph separation is a
practice used to estimate the factions of storm flow and baseflow (Hewlett and Hibbert,
1966). By separating stormflow from baseflow watershed hydrologic storage or
stormwater and response time information is provided. Typically, hydrograph separation
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is done on rivers and streams but studies have applied this technique to tile drained fields
and flows (Schilling and Helmers, 2008; Schilling and Jones, 2019; Corrigan, 2019;
Williams et al. 2015). It can also be used to directly compare surface and subsurface flows.
In tile drainage systems the watershed of concern would be at a field scale. The baseflow
and stormflow components enter into the tile drainage system, mixing representing
groundwater and stormwater. Hydrograph separation can be estimated by looking at flows
before and after an event using the constant slope method.
Baseflow and hydrograph analysis have been studied for more than a hundred years (Hall,
1968). The constant slope method uses a straight line to connect the start and the end of an
event, this method is a simple graphical estimation of baseflow. The start of an event is
signaled by a rise in the hydrograph when flow begins to rise towards the hydrograph peak
(Vidon and Cuadra, 2010). This is where a baseflow line is drawn across the hydrograph
towards the falling limb (Figure 3). There are few studies that use hydrograph separation
to compare surface and subsurface runoff, but this technique is useful in determining
nutrient loads from hydrograph segments.
Climate and Seasonality:
Runoff potential of nutrients can also be influenced by the region, season, precipitation,
and management practices. Cold climate regions cover a span of latitudes in North America
and throughout the world. Cold climate regions have an average temperature of 10°C in
their warmest months and -3°C in their coldest months (Liu et al. 2019). In northern NY
and other cold climate regions, seasonality plays an essential role in the movement of
water. During the growing season water is taken up by plants and evapotranspiration is
24

occurring. Throughout the NGS, plant growth typically ceases, and rates of
evapotranspiration are slowed. Climate and seasons influence runoff rates and intensity.
The NGS is a critical period for nutrient runoff to occur in cold agricultural regions (Liu et
al. 2019). Nutrient transport in cold agriculture regions differs from warm agriculture
regions, where climate, soils, and agricultural management practices differ. Precipitation
can occur as rain, snow, and rain on snow. Ice and snow are stored on the soil surface until
it is warm enough to melt, thus altering typical runoff; as large quantities of snow water
accumulate before being released during melt events and a longer delay in snowmelt runoff
than rainwater runoff. Soils saturate quickly during snowmelt leading to larger winter thaw
and runoff events during the NGS. All of these factors combined can lead to an elevated
risk of nutrient runoff to occur, especially when there is a supply of nutrients, plant
materials and exposed surface soils (Liu et al. 2019; Van Esbroeck et al. 2016).
Climate change is a critical issue that has led to an increase in frequency and intensity of
daily temperature and precipitation extremes (Stott, 2016). It has been suggested that
increasing temperatures and altered precipitation patterns may alter the timing and
magnitude of runoff, soil moisture, change lake levels and groundwater availability
(Crossman et al. 2011). Precipitation that fell as snow may now fall as rain, increasing
runoff in the winter months. Additionally, the spring snowmelt may be brought forward
(Crossman et al. 2011). Increases in precipitation and changing in timing of precipitation
can also lead to the movement of nutrients and could exacerbate problems of
eutrophication.
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Few studies have measured edge-of-field nutrient losses during the NGS when snowmelt
and freeze/thaw processes are occurring. A study in the Laurentian Great Lakes region
reported that 81% of annual edge of field runoff occurred during the NGS, accounting for
76% of the reactive P, and 78% of the total P losses from three cropped fields over a 5-year
period in Ontario, Canada (Plach et al. 2019). This thesis research study will occur over
the course of 2 years and will encompass the processes that occur throughout the cold and
warm weather.
Scope of the Project:
Many studies focus on tile drainage, but there is a limited amount of research comparing
the effects of tile drainage on P and N concentrations and loading from fields with and
without tile drainage. More research is necessary to better understand the effects of tile
drainage on field-scale losses of different forms of P and N relative to fields without tile
drainage. Locally this project is relevant to improve our understanding of how best to
achieve water quality goals in the Lake Champlain Basin. Tile drainage is a valuable
management tool in this region, and results from this project will help us better understand
and manage non-point sources of nutrients.
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Objectives and Hypothesis:
The objectives of this study are to 1) quantify differences in surface and subsurface runoff
between two adjacent corn (Zea mays L.) silage edge-of-field (EOF) sites, one with tile
drainage (TD) and one without (UD), over two years at a research site in northeast Essex
County, NY and 2) quantify total phosphorus and nitrogen loads for each hydrologic
pathway. Specific hypotheses are:


The non-growing season will have a greater portion of runoff and nutrient export



Large events will contribute the majority of runoff and nutrient export



The volume of surface runoff will be less from TD



The total runoff volume will be greater from TD



Total phosphorus concentrations will be greater in surface runoff



Total phosphorus loads will be greater in UD



Corn yields will be greater from TD
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MATERIALS AND METHODS
Site Description:
For this study, two adjacent corn (Zea mays L.) silage edge-of-field (EOF) sites were
chosen in Keeseville, NY (Figure 4). The fields are of similar slope (1%), soil (Tonawanda
silt loam), size (2.3 ha), received the same management, and were managed as long-term
grass before this study. Each year the fields receive liquid dairy manure applications,
annual tillage and are left fallow following harvest. The soil test P (Morgan’s extractant)
was 8 ppm, which is in the medium range for soil P classification according to the Cornell
fertility guidelines (Ketterings et al., 2014). The texture of the soils is a silt loam, and they
are somewhat poorly drained. The farmland classification is prime farmland if drained.
These soils formed in silty estuarine or glaciolacustrine deposits on glacial lake plains and
terraces (Soil Survey Staff).

Figure 4. Location of the research field site, at 44.477980, -73.465210 Keeseville, NY. The
Undrained Field (UD, highlighted in yellow) is on the eastern side of Mace Chasm Road
and the Tile Drained field (TD, highlighted in black) is on the western side.
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The tile drainage system engineering and sizing of surface water flumes was performed by
Stephen Mahoney of River Bend Ag and Environmental Services. The tile drains were
installed in June 2016 on the western field with a tile plow by Adirondack Farms, LLC.
This field is referred to as TD for tile drained (Figure 4). The tiles have an average depth
of 1 m and 10 m lateral spacing. The tiles have a minimum grade of 0.0001% and drain
northward to a 15 cm diameter main outlet. The tile main drains into a fiberglass H-flume
(Openchannelflow, Atlanta, GA) housed in a concrete septic tank. The Undrained Field
only has surface drainage improvements and is referred to as UD. Site improvements were
completed on March 27, 2018.
Nutrient Additions:
Liquid dairy manure was applied and incorporated on May 24, 2018, at a rate of 44,900
L/ha (77.2 kg N/ha and 14.4 kg P/ha). Corn for silage was planted on May 26, 2018, with
98.0 kg/ha 24-8-0 (N-P-K; 23.5 kg N/ha and 3.4 kg P/ha) starter fertilizer. Corn was
harvested on September 28, 2018. The fields were left bare following the 2018 corn
harvest.
In 2019, the fields were planted in late June, due to challenging weather conditions. On
June 24, 2019 liquid dairy manure was applied at a rate of 44,900 L/ha (113.1 kg N/ha and
4.9 kg P/ha) to the fields. It was immediately incorporated using a disk harrow with 224.2
kg/ha 8-20-30 (N-P-K; 17.9 kg N/ha and 19.6 kg P/ ha). Corn for silage was planted the
next day on June 25 2019 with 147.0 kg/ha 24-8-0 (N-P-K; 35.3 kg N/ha and 5.1 kg P/ha)
starter fertilizer. On August 5, 2019 a sidedress of N was applied at a rate of 124.4 kg/ha
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32% of urea ammonium nitrate (UAN; 39.8 kg N/ha) commercial liquid nitrogen fertilizer.
The fields were harvested on November 5, 2019 and left bare.
In 2020, liquid dairy manure was applied on May 18, at a rate of 41,900 L/ha (106.5 kg
N/ha and 26.8 kg P/ha) and incorporated with 112.0 kg/ha 8-20-30 (N-P-K; 9.0 kg N/ha
and 9.8 kg P/ha). Corn for silage was planted on May 26, 2020 with 122.4 kg/ha 24-8-0
(N-P-K; 29.4 kg N/ha and 4.3 kg P/ha) starter fertilizer. The fields were harvested on
October 7, 2020 and left bare.
Sampling and Data Collection:
At the tile drainage sampling point, runoff was recorded with an ultrasonic sensor
(Teledyne ISCO, Lincoln, NE) that measured water depth. It used ultrasonic sound waves
to measure the distance to the water. The ultrasonic monitoring sensor continuously
measured the water level in the stilling well and was recorded at a 15-minute interval. This
sensor relayed information to the ISCO 2110 Flow Module (Teledyne ISCO, Lincoln, NE)
that commanded the ISCO autosampler (Teledyne ISCO, Lincoln, NE) to collect a sample.
The autosampler used ISCO Flowlink 5.1 software to collect samples of the runoff at a
programmed set volume. After 0.32 mm of flow occurred, a sample was taken and
composited in a 15 L plastic container. As a backup, a HOBO pressure transducer (U20001-04, Onset Corp, Cape Cod, MA) was set up inside a 2.5 cm PVC pipe within the stilling
well to keep it upright and to record water height in case of a malfunction with the
ultrasonic sensor. After water exited the flume, it flowed into a septic tank where it was
pumped out with submersible pumps to the drainage ditch behind the field.
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Both sites were equipped with the surface flow monitoring stations that sampled water that
flowed through precalibrated fiberglass H-flumes. The surface runoff from both fields was
monitored and sampled in the same way as TDT with an ISCO flow module, ISCO
autosampler, and an ultrasonic sensor. The UD Surface sampling setup (Figure 5) is very
similar to the TDS sampling setup (Figure 6). The sites are hydrologically isolated with
earthen berms surrounding each site to eliminate water from entering or leaving the system
and are graded so all surface runoff will flow through the flumes, or in TD through the
TDT flow pathway.

Figure 5. The Undrained Surface (UDS) runoff event being sampled automatically using a
precalibrated H flume. Water flows through the flume, entering the stilling well, as the
water rises the ultrasonic sensor measures the depth, relaying that information to the flow
module, storing water level data, the flow module sends a command for the Autosampler
to take a sample from the flow.
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Figure 6. The Tile Drained surface (TDS) setup that automatically samples runoff using a
precalibrated H flume. Water flows through the flume, entering the stilling well, as the
water rises the ultrasonic sensor measures the depth, relaying that information to the flow
module, storing water level data, the flow module sends a command for the Autosampler
to take a sample from the flow.
Flow-weighted composite samples were taken by the Teledyne ISCO autosampler. The
flow modules used water height data from the ISCO ultrasonic to form flows and command
the autosampler to take a sample after every 0.32 mm of flow from TD and UD. Composite
samples represented the entirety of the water discharged from the field during an event and
sampling was more frequent during times of higher flow. Sample sizes were changed based
on expected flow rates of the sample period. The sample that was collected was a mixture
of grab samples that the autosampler took over the sample period. Manual grab samples
were taken to get a singular concentration for events when the autosampler failed to take a
sample. Composite samples are of higher quality than manual grab samples because the
latter have greater variability and only represent a particular time that the sample was taken
(Spooner, et al. 2011).
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The precalibrated H-flumes were purchased from Open Channel Flow (Boise, ID) and have
stilling wells built into the design. They were designed specifically by the manufacturer for
flow, providing the following stage curve equations:
TDS flow= -0.00396436 - 0.07231968 H0.5 + 79.89379128 H1.5 + 900.3765227 H2.5 [Eq. 1.2]
TDT flow= 0.014781394 - 0.30876915 H0.5 + 51.92697619 H1.5 + 1004.480343 H2.5 [Eq. 1.3]
UDS flow= 0.042446953 - 0.90725263 H0.4 + 108.676075 H1.4 + 937.5943603 H2.5 [Eq. 1.4]

Where flow was calculated in L/s, H is the depth in the stilling well in m, and the minimum
depth of 0.0061 m was necessary to be calculated as flow.
The sites were equipped with power, which made year-round monitoring possible. In the
cold winter months heat tapes were used to keep the sample lines from freezing and the
flumes came prefabricated with heat inside the flume. The sites were checked twice a week
(typically Mondays and Thursdays) and more frequently when higher flows were
forecasted. Composite samples represented the water discharged from the field during each
event over the sampling period (typically 3-4 days). Sample size was programmable into
the autosampler and was changed based on expected flow volume. The samples were run
for dissolved reactive P (DRP), total P (TP), total N (TN), nitrate-N, ammonium-N, and
total suspended sediment (TSS) for each hydrologic pathway.
Daily temperature, precipitation, relative humidity, air pressure, wind speed, and wind
gusts were recorded every hour with an on-site weather station (U30-NRC, Onset Corp.,
Cape Cod, MA). The weather station was downloaded once per week and used to monitor
growing conditions and verify data.
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Climate:
The National Oceanic and Atmospheric Administration (NOAA) developed 344 climate
divisions in the continuous United States; NY is characterized into ten difference climate
divisions (NOAA). The Keeseville field site is located in climate division seven, the
Champlain Valley. The climate is temperate with large seasonal changes in temperature
and precipitation. The long-term average temperature from 1981 to 2010 was 7.6°C and
the average total precipitation was 801 mm per year (Table 1). The top layer of the soil
tends to freeze during the winter months depending on winter temperatures and snow
depth. This may prevent the tile from flowing when the impermeable frost layer forms.
Also, generally during the summer and early fall during dry conditions the water table falls
below the tile lines enabling subsurface flow.
Table 1. Monthly temperature and precipitation climate normal for Peru, NY (1981-2010,
NOAA).
LongTerm
Mean
Temp.
(°C)
LongTerm
Mean
Precip.
(mm)

Oct

Nov

Dec

Jan

Feb

March

April

May

June

July

Aug

Sept

8.9

3.0

-3.7

-7.5

-5.5

-0.3

7.3

13.7

18.8

21.2

20.0

15.6

Avg
7.6

79

69

49

39

35

43

66

70

93

90

97

71

Sum
801
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Concentration Analyses:
Collected samples were run for DRP, TP, TN, NO3- N, NH4+-N and TSS for each
hydrologic pathway within the sampling period with the following methods:
A. DRP:
Samples were run within 48 hours of collection. Samples were filtered through a 0.45 μm
filter then analyzed with the ascorbic acid method and a spectrometer (APHA, 2006, STD
MET. 4500-P E.).
B. Total Nitrogen and Total Phosphorus:
Samples were digested after a thoroughly mixed 25 mL sample was poured into a digitube
and 5.2 mL of low nitrogen K2S2O8 oxidant solution was added to each. They were shaken
vigorously for 15 seconds then autoclaved for 56 minutes at 121°C (APHA, 2006, STD
MET 4500-P J). Digested TN and TP samples were neutralized, filtered, and brought up to
volume before TN and TP analysis. For TN analysis, the SEAL AutoAnalyzer 3 (AA3)
was used. For TP, analysis was completed on the spectrophotometer with the ascorbic acid
method.
C. Nitrate-N and Ammonium-N:
Frozen samples were prepared for analysis after they were thawed in a water bath then
analyzed through a continuous flow SEAL AA3 Colorimeter. For nitrate-N analysis, the
sample flowed through a cadmium column to reduce NO3- to NO2-. The solution reacted
with sulfanilamide; this compound then couples with N-1-naphthylethylene diamine
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dihydrochloride to form a purple azo dye that was read on the SEAL AA3 colorimeter
(APHA, 2006, STD MET. 4500-NO3 I.). For ammonium-N analysis, the Berthelot reaction
was used to create a blue-green color (APHA, 2006, STD MET. 4500-NH3 G.).
D. TSS:
Known sample volumes were filtered through pre-weighed ProWeigh Filters, dried for 24
hours at 105°C in an oven, cooled, then weighed (APHA, 2006, STD MET 2540 D.).
Numerical Analysis and Statistics:
Runoff, Load and EMC Determination:
Flows were converted from L/s to L/15 min because the flows were measured every 15
minutes. Flows from every 15 minutes were summed up over the length of the autosampler
sampling period. This volume (L) total for the sampling period, was multiplied by a
concentration for a mass loading for chemicals:
Load (μg) = Concentration (μg/L) * Volume (L)

[Eq. 1.5]

To compare the two fields directly, discharge and loads were normalized to volumetric
runoff equivalent (mm), and divided by the area of the fields for area-weighted loads
(g/ha).
For total loading determination, sampling period data was characterized into events,
surface events, and tile events. Events included both surface and subsurface flow, surface
events had only surface flow, and tile events only had subsurface flow with a hydrograph
peak. Baseflow from the TDT pathway was separated through hydrograph separation with
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the constant-slope method which compared the tile flow to the surface flow. All events
were considered individually and was determined by the sum of the loads from the
sampling period to get event loads. Event mean concentrations (EMC) were used to
compare the surface and subsurface runoff and between the two surface runoff pathways.
Event mean concentrations were determined by the sum of the sample period loads then
divided event loads (Lt) by event flow volumes (runoff, Qt) for events.

Lt= (C1*Q1) + (D2*Q2) +… (Ci*Qi)
Qt= (Q1) + (Q2) +…. (Qi)
EMC= Lt/Qt

[Eq. 1.6]

Where Ci is the flow weighted sample concentration over the sample period and Qi is the
volume of runoff over the sample period.
Event loads and EMC were used for the comparison of surface and subsurface runoff. The
baseflow from the TDT pathways was removed for a direct comparison to surface flow
from the TDS and UDS pathways. All runoff from the surface pathways is considered to
be stormflow so baseflow separation was not necessary for the TDS and UDS pathways.
The constant slope method was used to estimate baseflow from stormflow. Stormflow (𝑄𝑠𝑡)
was determined by subtracting the baseflow (𝑄𝑏) from the measured event runoff (𝑄𝑡) from
the event.
𝑄𝑡 = 𝑄𝑠𝑡 + 𝑄𝑏
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[Eq. 1.7]

Nutrient Inputs and Removal:
Nutrient inputs and fertilizer additions were calculated by the amount of manure or
fertilizer (starter or UAN sidedress) applied to the field and the concentration of P and N
in each. Nutrient removal was calculated by Dairy One (Ithaca, NY) that determined the
content of P and crude protein (N) in the corn yield samples. Yield samples were collected
at the time of harvest after the headlands were harvested. by the cooperating farms crops
team. Using the total yield for each field and the chemical concentration of P and N, the
amount of nutrient removal was determined.
Statistics:
These fields were designed as a paired watershed experiment, and the data collected from
October 1, 2018 to September 31, 2020 will represent the experimental portion with further
data collection and site changes to represent the controlled or baseline portion of the data.
Response variables included discharge, DRP, TP, NO3--N, NH4+-N, TN and TSS. Field
loadings and EMC were reported for each variable TDS (n=24), TDT (n=34) and UDS
(n=24).
Pearson correlations were run on the log transformed data for sample period discharge,
loadings and EMC of DRP, TP, NO3--N, NH4+-N, TN and TSS for both fields. Correlations
were run to compare the surfaces (TDS and UDS), the surface and the tile (TDT and TDS)
and the two fields (TD and UD). Higher or lower defintion is based on the number events
that lie either above or below the 1:1 line, respectively in the Pearson correlation plots.
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RESULTS AND DISCUSSION
Climate and Hydrology:
For the study duration, the average temperature was 7.7°C, which is 0.1°C greater than the
long-term average temperature for the region (Table 2). The second year of the study was
slightly warmer (0.2°C) than average, while the first year was on par for the long-term
average. Both years of the study followed similar trends of average monthly temperatures.
Both years had similar amounts of precipitation with 822 mm and 835 mm for the first and
second year, respectively (Table 2), a difference of 1.5%. This was 2.6% and 4.2% more
precipitation, respectively, than the long-term average precipitation per year. Larger
differences were seen in the precipitation between the GS and the NGS long-term averages
and the study duration. For the study duration, the GS had 31% less precipitation than the
long-term GS precipitation averages. For the study duration, the NGS had 45% more
precipitation than the long-term NGS precipitation averages (Table 2). These findings
correspond with Crossman et al. (2011) that projected summer precipitation to decrease
and winter precipitation to increase in the 21st century. Changing rainfall timing can alter
flow rates, temperature, soil moisture and can have a wide range of responses.
The NGS had greater amounts of precipitation than the GS for both years. Although similar
in the amount of precipitation per water year, the amount of precipitation varied by month
each year with the greatest differences occurring in October, May and August (Table 2).
The wet spring and fall of 2019 made planting and harvest dates delayed. Large events
such as the October 31, 2019 storm event produced 74 mm of rain, made 2019 a more
challenging year for crop harvest. The October 2019 event could not be sampled due to
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power failure from the intense winds and rain this storm produced, which is discussed
further in the missing data section. Another large storm event on August 4, 2020 occurred
producing 72 mm of rain; this was the remnants of a tropical storm and was sampled. These
events produced 17% of the total precipitation for the second year of the study. Crossman
et al. (2011) suggested that altered precipitation patterns affect the timing and magnitude
of runoff, soil moisture, lake levels, groundwater availability and water quality.
For the first year of the study, TD discharged 275 mm of water, or 33% of the total
precipitation for the year. The TDT discharged 41% (113 mm) of the total runoff and TDS
discharged 59% (162 mm) of the first year’s total runoff for TD (Figure 7). The Undrained
Field discharged 238 mm of water or 29% of the total precipitation for the first year (Figure
7). The Tile Drained Field discharged 16% more runoff than UD for the first year of the
study.
During the second year of the study, TD discharged 290 mm of water. By pathway, TDT
discharged 73% (212 mm) of the total runoff and TDS discharged 27% (78 mm) of the
second year’s total runoff for TD (Figure 8). The Undrained Field discharged 187 mm of
water or 22% of the total precipitation for the second year (Figure 8). The Tile Drained
Field discharged 55% more runoff than UD for the second year of the study.
Overall TD discharged 7.7% more water than UD (Table 5, and Figure 11). Of the total
flow for TD, baseflow made up 6% (19.1 mm) or less than the total flow. A similar tile
drainage study with a 3.3 ha and 1.9 ha watershed size in Northern NY found that baseflow
contributed 10% or less to the total flow for the two year study duration (Corrigan, 2019).
These findings were much smaller than other studies. In Iowa, Schilling and Jones, (2019)
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found that baseflow comprised approximately 60% of the annual discharge, with variability
based on the time of year. The Iowa Study had greater precipitation than this study and a
larger study area (watershed size 250 ha to 1096 ha), which likely led to greater baseflow.
Water storage is affected by watershed size and this affects the amount of baseflow (King
et al. 2015). The separation of baseflow from tile drainage flows is not a widely studied
practice, and consequently data sets and studies are limited.
For the first year of the present study, the tile did not flow in February, March, July, August
or September. During the second year of the study, the tile did not flow in May, June, or
September. In the first year of the study, more precipitation occurred in the spring, with a
drier summer compared to the second year (Table 2). Studies in similar climates have
shown that tiles typically cease to flow for 1-3 months in the summer (July-August), and
one month in the winter (January-early February; Macrae et al. 2007).
Higher discharge was seen when there was more precipitation and was higher in the NGS
compared to the GS (Figures 7, and 8). Occasionally event discharge exceeded
precipitation. For instance, January and February store water on the field as ice or snow,
and during March or April, when temperatures rise, discharge rates exceed water inputs
due to this net water storage from the winter. This was seen during both years of the study.
For the first year of the study duration, TDS discharged more water during March (Figure
7). However, for the second year TDT dominated runoff during March (Figure 8). This
may be due to multiple factors such as higher snowfall rates with colder temperatures then
a warm March in year one (Table 2). Then in year two slightly warmer temperatures and
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less snowfall may have helped water infiltrate the soil and then leave the field as subsurface
discharge (Table 2).
Table 2. Average monthly temperature (°C) and monthly total precipitation (mm) at the
field site for the first year of the study (10/1/2018-9/31/2019), second year (10/1/20199/31/2020) and study duration.
Year
Year 1
Average
Temp. (°C)
Year 1
Monthly
Precip.
(mm)
Year 2
Average
Temp. (°C)
Year 2
Monthly
Precip.
(mm)
Study
Duration
Average
Temp. (°C)
Study
Duration
Monthly
Precip.(mm)

Oct

Nov

Dec

Jan

Feb

March

April

May

June

July

Aug

Sept

8.3

0.8

-2.4

-7.6

-5.7

5.6

6.4

11.8

17.7

22.3

18.9

14.9

Avg.
7.6

75

138

53

93

50

39

77

119

85

28

49

16

Sum
822

9.4

-0.5

-3.4

-4.1

-5.1

2.1

5.1

13.0

18.6

23.4

20.0

14.7

Avg.
7.8

183

89

10

60

71

51

41

35

39

69

139

48

Sum
835

8.8

0.1

-2.9

-5.9

-5.4

3.9

5.8

12.4

18.1

22.8

19.4

14.8

Avg.
7.7

129

114

31

77

60

45

59

77

62

48

94

32

Sum
829
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Figure 7. Precipitation and runoff for TD and UD by pathway (TDT, TDS or UDS) for the
first year (October 2018- September 2019).

Figure 8. Precipitation and runoff for TD and UD by pathway (TDT, TDS or UDS) for the
second year (October 2019- September 2020).
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Nutrients:
Phosphorus and Total Suspended Solids:
For the study duration, low levels of P were exported from both fields. By hydrologic
pathway, TDS and UDS exported more TP then TDT. The TD Field exported 0.135 kg
TP/ha/yr and UD exported 0.144 kg TP/ha/yr. Two studies from 2016 and 2019 in Ontario,
Canada found that annual TP export can range from 0.18 to 1.93 kg TP/ha/yr (Plach et al.
2016 and Van Esbroeck et al. 2016). A study from 1994-2005 from three watersheds found
annual nutrient export between 0.1 to 2.1 kg TP/ha/yr (Royer et al., 2006). These findings
are greater than what was found in this study. Large differences in TP export were seen
between the study years. In year one, UD exported 127% more TP then TD (Table 4). In
year two, TD exported 52% more TP then UD (Table 5). This may be due to a weather
variability between years and a few huge storm events in 2019 that exported a majority of
the nutrients. I will discuss the storm events in the large events and non-growing season
section.
The TDS had higher mean EMC for TP than UDS and TDT. The TDS had a mean TP EMC
of 0.22 mg/L, while UDS had a mean TP EMC of 0.12 mg/L (Tables 7, 8, and Figure 9).
The higher mean TP EMC for TDS did not translate into higher TP event loading compared
to UDS, due to lower runoff values from TDS (Tables 7, 8, and Figure 10). The TDT had
a mean TP EMC of 0.04 mg/L (Table 7). This was 5.5 times smaller than the TDS mean
EMC for TP. The mean EMC from baseflow samples from TDT were even lower than the
storm flow samples with a mean TP EMC of 0.02 mg/L (Table 7). The EPA recommends
that drainage waters do not exceed 0.10 mg/L of TP (US EPA). The mean EMC for the
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surfaces was well above the EPA limit, while the TDT mean EMC was well below the
threshold. Lower TP concentrations from tile drainage samples is consistent with findings
in the literature. For example, a 2004 tile drainage study found that surface water samples
had P concentrations 10.9 times greater than tile drainage water samples (Enright and
Madramootoo, 2004).
The DRP export was 63% higher from TD than UD. The TDS had higher mean DRP EMC
values than UDS and TDT. For TDS the mean EMC for DRP was 18.5 ug/L, while UDS
had a mean EMC DRP of 10.0 ug/ L and the mean DRP EMC for TDT was 4.1 ug/L
(Tables 7 and 8). The Tile Drained Surface had a mean DRP loading of 1.4 g/ha (Table 7).
The Undrained Surface had a mean DRP loading of 1.0 g/ha (Table 8). These findings are
smaller than what is found in the literature, specifically compared to annual nutrient export
(Royer et al., 2006, Plach et al., 2019). Comparing events between the two fields,
significant Pearson correlations and were moderately correlated for TD and UD event
loadings include discharge (p=.004), DRP (p=.046), and TSS (p=.001) (Figure 11).
The TSS export was slightly greater from TD (75 kg/ha/yr) than UD (Table 3). The
majority of the TSS exported was from TDS (65 kg/ha/yr). The Undrained Field exported
59 kg/ha/yr of TSS for the study duration. The majority of P exported from TDS and UDS
originated from P attached to sediment and exported off the field as TSS, instead of DRP.
Dissolved reactive P made up 15% and 9% of the TP exported from TD and UD,
respectively (Table 3). Phosphorus attaches to soil particles that can be removed with
sediment as TSS (Smith et al. 2015; Correll, 1998). Concentrations of P in surface flow
can often be elevated due to greater available P from manure applications (Sharpley et al.
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1995). Although TDS accounted for 86% of the TSS export TDT exported 10 kg TSS/ha/yr
or 13% of the total TSS exported from TD. This may be due to the prevalence of
preferential flow pathways that allowed particulate P to flow rapidly from the surface to
the subsurface during high flow events.
The Tile Drained Surface had higher mean EMC for DRP, TP, and TSS than UDS (Tables
7 and 8). The DRP EMC (p=.004) shows a strong positive correlations for UDS and TDS
(Figure 9). Even though TDS had higher EMC means for most nutrients, UDS had higher
means for event loading in TP (Table 7 and 8). This was due to higher runoff rates from
UDS then TDS. The Tile Drained Surface had lower rates of discharge due to the presence
of tile drainage, which has been seen in other studies (Skaggs et al. 1994). The reduction
of surface runoff is beneficial because P concentrations can be higher in surface water and
create higher P loadings. Pearson correlations that show moderately strong positive
relationships for TDS and UDS event loadings include discharge (p=.017), and TSS
(p=.001) (Figure 10 and Table 9).
In the Tile Drained Field, TDS was responsible for a majority of the TP export (Tables 3,
4 and 5). The Tile Drained Surface exported 73% (0.098 kg/ha/yr) of the TP and 80%
(0.017 kg/ha/yr) of the DRP for the study duration (Table 3). Jamieson et al. (2003) found
60% of cumulative DRP and TP losses came from surface runoff in sandy clay loam and
loam soils in Quebec. The Tile Drained Surface had higher mean EMC in DRP, TP, and
TSS than UDS and TDT (Table 7). Pearson correlations for TDT and TDS event loadings
showed positive relationship for discharge (p=.030), DRP (p=.022), TP (p=.014), and TSS
(p=.037) (Figure 13). Pearson correlations for TDT and TDS EMC were more variable. A
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significant correlation was shown in TSS (p=.044) (Table 9). Notable EMC differences
were seen between the surface pathways (TDS and UDS) and TDT for DRP, and TP. The
TDS and the UDS had higher mean EMC and loadings for DRP, TP (Tables 7 and 8).
Nitrogen:
Total N export was 11.5 kg/ha/yr from TD and 6.5 kg/ha/yr from UD (Table 3). In the Tile
Drained Field, TDT contributed the most TN export across the study years (Tables 3, 4 and
5). The majority of N export was in the form of NO3—N, from TDT. The Tile Drained Tile
exported 9.6 kg/ha/yr of NO3--N, this was 89% of the TN export (Table 3). Many studies
have shown that NO3--N transport is dominated by subsurface processes. Nitrate can easily
leach through the soil profile because it is soluble and mobilized in groundwater (Smith et
al. 2015; Drury et al. 2009; Fausey et al. 1995). A study investigating three watersheds
from 1994 to 2005 found that annual NO3—N export ranged from 7.6 to 56.7 kg/ha/yr
(Royer et al., 2006). Our findings were on the lower side of this range. Pearson correlations
for TDT and TDS event loadings showed positive relationship for NO3--N (p=.022), and
TN (p=.009) (Figure 13). Every other variable except NH4+-N was found to be statistically
significant. Pearson correlations for TDT and TDS EMC were more variable. Strong
correlations were seen in NH4+-N (p=.029), and TN (p=.002) (Figure 14). In the future, a
BMP that could be implemented is the use of cover crops to help reduce NO3--N export.
Planting and allowing for a cover crop to be established can help reduce NO3--N export
from the tile. Studies in the Midwest have shown the use of cover crops to reduce NO3--N
by 37-57% in tile drainage export (Strock et al. 2004).
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Substantial EMC differences were seen between the surface pathways (TDS and UDS) and
TDT for NO3--N, NH4+-N, and TN. The surface pathways had higher mean EMC for NH4+N, but TDT had higher mean EMC for NO3--N and TN (Tables 7, and 8). For TDT the
average EMC for the study duration for NO3--N was 10.3 mg/L (Table 7). The EPA
maximum limit in drinking water for NO3--N is 10 mg/L (US EPA). Tile Drainage studies
have shown that concentrations of NO3--N can often exceed 10 mg/L (Kladivko et al.
1991). For TDT, the lowest NO3--N event sample had an EMC of 1.1 mg/L and the highest
was 32.0 mg/L with a median value of 9.5 mg/L (Table 7). Comparing the surface
pathways, the mean EMC for NO3--N and TN was higher for UDS. The Tile Drained
Surface had an mean EMC of 1.1 mg/L for NO3--N while UDS had an mean EMC of 3.3
mg/L for NO3--N (Tables 7 and 8). These NO3--N values were 90% and 69% lower for
TDS and UDS, respectively, than the mean EMC for TDT (Tables 7 and 8). These lower
concentrations are expected as it is well documented in literature that NO3--N export is
mostly from tile drains when fields are tile drained (Evans, Skaggs and Gilliam, 1995;
Fausey et al. 1995; Smith et al. 2015). Strong positive correlations for EMC TDS and UDS
include NO3--N (p=.011) and TN (p<.001) (Figure 9). The Undrained Surface had higher
means for event loading in NO3--N, NH4+-N, and TN than TDS (Table 6 and 7).
Ammonium-N was a small portion of the TN export from both fields. Ammonium-N was
0.35 kg/ha/yr and 0.30 kg/ha/yr for TD and UD, respectively (Table 3). This was 3% and
5% of the TN export for TD and UD, respectively. The surfaces exported most of the NH4+N, with 0.30 kg/ha/yr from TDS and UDS. Overall NH4+-N loading and concentrations
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were variable and small, which is consistent with findings in the literature (Tables 6 and 7;
Kladivko et al. 1991).
Stronger Pearson correlations for TD and UD were seen for TN in event loadings (p=.044;
Figure 11) and EMC (p=.044) (Figure 12 and Table 8). The Undrained Field exported 6.5
kg TN/ha/yr for the study duration (Table 3). This was 44% less TN export than TD. Year
one results show TD exporting 13% more TN (Table 4), while the second year’s data shows
greater differences between the two field, with 19.4 kg TN/ha exported from TD and 9.8
kg TN/ha export from UD (Table 5). This TN export was 98% greater from TD than UD.
This may be due to multiple reasons such as more water leaving the field as subsurface
discharge in year two (Table 5). Alternatively, due to the increased presence of preferential
flow paths that aid in the rapid transport of soluble nutrients.
Baseflow:
The baseflow samples for TDT had lower EMC of all the nutrients (Table 7), and
contributed less nutrients then stormflow. Total P average EMC for TDT baseflow was
19.0 ug/L; this was 54% less than the TDT stormflow average EMC of 41.1 ug/L (Table
7). Other studies have found that DRP and TP concentrations in tile flow are typically low
during baseflow but increase during storm flow (Macrae et al. 2007, King et al. 2015). For
TN, TDT baseflow samples had an average EMC of 9394.8 ug/L, which is 15% less than
the stormflow EMC of 11004.4 ug/L (Table 7). Studies have found that baseflow can
dominate nitrate, dissolved P, whereas stormflow contributes TP and TSS transport
(Schilling and Jones, 2019; Williams et al. 2015; Williams et al. 2016; Schilling and
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Helmers, 2008). Baseflow EMC had smaller standard deviations, medians, minimums and
maximums across all nutrients than TDT stormflow EMC (Table 7).
Missing Data:
On October 31, 2019, a storm that produced 74 mm of precipitation caused a power outage.
This power outage disrupted the ultrasonic sensor for the surface pathways (TDS and
UDS), and the pumps for TDT. The tile structure that holds all of the electronics and the
backup HOBO level logger was flooded. Due to the flooding only the beginning and end
of the flow could be monitored. In order to fully capture the flow of the event another large
event was used to estimate how much flow occurred. The hydrographs of the events were
used to compare the rising limb, peak and the falling limb. The hydrographs were compared
with a cell grid behind them. The cells represent a definable amount of discharge, which
was summed then added to the runoff. This event was responsible for 21.5 mm of runoff
for TDT, 10.3 mm of runoff for TDS, and 25.6 mm of runoff from UDS (Table 6). This
event had samples for the beginning and end of the event, so those samples were used for
EMC.
The COVID-19 pandemic caused an unexpected pause in flow sampling. Flow was
monitored but not sampled from March 29, 2020 - April 22, 2020. This time period was
after the major snowmelt events of 2020. This period was responsible for 38.8 mm for
TDT; a majority of this was baseflow. Two surface events were missed and were
responsible for 1.4 mm of runoff TDS, and 20.1 mm for UDS (Table 6). Samples were not
collected during this period but baseflow averages were used for TDT baseflow. For
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surface samples the last samples taken were used for this period. This data represents an
estimation of loadings during this time period (Table 6).
Table 3. Runoff, DRP, TP, NO3--N, NH4+-N, TN, and TSS shown by pathway (TDT, TDS,
and UDS) and field export for both fields (TD and UD) average yearly contribution.
Field
TD Field
UD Field
TDS
TDT

Runoff
mm/year
170.6
158.4
82.6
88.1

NO3--N

DRP
TP
g/ha/yr
20.5
135.1
12.5
144.3
16.5
98.7
4.0
36.3

10.3
4.3
0.7
9.6

NH4+-N
TN
kg/ha/yr
0.35
11.5
0.30
6.5
0.30
1.5
0.05
10.0

TSS
75.0
59.2
64.6
10.4

Table 4. Export from the first year of the study (October 2018- September 2019) for runoff,
DRP, TP, NO3--N, NH4+-N, TN, and TSS shown by pathway (TDT, TDS and UDS) and
total field export for both study fields (TD and UD).
Field
TD Field
UD Field
TDS
TDT

Runoff
mm
122.4
151.8
92.7
29.7

DRP

TP

NO3--N

68.8
156.0
62.8
5.9

2.6
2.0
0.2
2.4

g/ha
15.8
7.5
15.2
0.6

NH4+-N
kg/ha
0.3
0.3
0.3
0.0

TN

TSS

3.5
3.1
0.9
2.6

33.2
26.2
27.8
5.4

Table 5. Second study year (October 2019- September 2020) runoff, DRP, TP, NO3--N,
NH4+-N, TN, and TSS shown by pathway (TDT, TDS, and UDS) and total field export for
both fields (TD and UD).
Field
TD Field
UD Field
TDS
TDT

Runoff
mm
218.8
164.9
72.4
146.4

DRP

TP

NO3--N

201.3
132.6
134.6
66.7

17.9
6.5
1.2
16.7

g/ha
25.2
17.5
17.8
7.4
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NH4+-N
kg/ha
0.4
0.3
0.3
0.1

TN

TSS

19.4
9.8
2.1
17.4

116.7
92.1
101.4
15.3

Table 6. Total runoff data including estimation of points from missed events and COVID19 time period by pathway (TDT, TDS, and UDS) and total field export for both fields (TD
and UD).
Field
TD Field
UD Field
TDS
TDT

Runoff
mm/year
206.6
181.5
88.4
118.2

DRP
TP
g/ha/yr
22.5
156.4
13.9
162.4
16.9
108.0
5.6
48.4

NO3—N
15.3
6.8
0.9
14.3
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NH4+-N
TN
kg/ha/yr
0.4
17.0
0.4
9.3
0.3
1.8
0.1
15.1

TSS
80.3
62.5
66.1
14.3

Table 7. Summary from TD event loading and EMC.

Event Loading
Event Loading
EMC

TDT Baseflow

EMC

TDT

EMC

TDS

TD
Runoff (mm)
DRP (g/ha)
TP (g/ha)
NO3- -N (g/ha)
NH4+-N (g/ha)
TN (g/ha)
TSS (g/ha)
DRP (ug/L)
TP (ug/L)
NO3- -N (ug/L)
NH4+-N (ug/L)
TN (ug/L)
TSS (mg/L)
Runoff (mm)
DRP (g/ha)
TP (g/ha)
NO3- -N (g/ha)
NH4+-N (g/ha)
TN (g/ha)
TSS (g/ha)
DRP (ug/L)
TP (ug/L)
NO3- -N (ug/L)
NH4+-N (ug/L)
TN (ug/L)
TSS (mg/L)
Runoff (mm)
DRP (ug/L)
TP (ug/L)
NO3- -N (ug/L)
NH4+-N (ug/L)
TN (ug/L)
TSS (mg/L)

N
24
24
24
24
24
24
24
24
24
24
24
24
24
34
34
34
34
34
34
34
34
34
34
34
34
34
14
14
14
14
14
14
14

Mean
6.9
1.4
8.4
62.0
25.3
129.1
5530.7
18.5
224.9
1097.0
440.7
2442.2
168.0
4.9
0.2
2.0
529.6
2.7
555.2
574.1
4.1
41.1
10315.2
61.3
11004.4
26.2
1.0
3.9
19.0
9124.9
33.2
9394.8
7.9

Std. Dev
12.3
2.7
17.1
115.3
43.7
194.3
15428.2
19.2
214.9
1418.4
596.6
2089.4
255.1
9.5
0.5
5.9
1046.2
6.1
1072.1
1309.0
2.3
68.8
5308.4
88.3
5580.2
77.0
0.9
2.2
23.8
2889.7
30.1
2810.0
8.5
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Median
1.4
0.1
2.5
10.5
3.4
32.3
1276.6
12.9
173.0
570.0
266.6
1382.5
58.5
1.7
0.1
0.4
196.7
0.6
202.6
129.1
4.0
16.9
9507.3
31.0
9571.4
5.2
0.6
3.9
13.2
10277.4
27.4
10403.7
4.7

Min.
0.1
0.0
0.1
0.1
0.1
1.4
0.0
0.4
24.0
25.4
30.7
472.3
0.0
0.2
0.0
0.0
6.7
0.0
8.9
0.0
0.0
0.0
1055.4
3.5
3563.8
0.4
0.2
0.0
0.0
2718.0
9.0
3563.8
0.4

Max
46.0
10.1
82.0
415.3
168.1
712.4
74341.8
92.2
983.0
5827.4
2484.3
7144.4
1078.0
52.5
2.1
35.4
5151.9
34.5
5274.5
7038.1
8.6
355.4
32006.1
460.7
32863.2
402.9
2.6
6.7
88.2
12447.4
132.3
12997.6
25.8

Table 8. Summary from UD event loading and EMC.

Event Loading
EMC

UDS

UD
Runoff (mm)
DRP (g/ha)
TP (g/ha)
NO3- -N (g/ha)
NH4+-N (g/ha)
TN (g/ha)
TSS (g/ha)
DRP (ug/L)
TP (ug/L)
NO3- -N (ug/L)
NH4+-N (ug/L)
TN (ug/L)
TSS (mg/L)

N
24
24
24
24
24
24
24
24
24
24
24
24
24

Mean
13.2
1.0
12.0
356.2
25.9
536.8
4927.1
10.0
117.9
3393.6
181.1
5024.0
34.9

Std. Dev
16.4
1.7
21.3
491.0
40.3
697.4
11556.1
8.9
145.9
4990.7
99.6
6099.0
53.2
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Median
7.9
0.5
4.1
74.0
9.4
219.8
774.5
8.0
67.8
1528.1
171.2
3137.5
9.5

Min.
0.3
0.0
0.1
5.9
0.3
9.7
12.8
1.1
6.0
150.0
22.9
429.0
0.6

Max
71.9
8.0
85.6
1385.2
174.7
2158.9
52860.0
43.6
532.0
19152.9
472.0
24533.9
195.0

Figure 9. Significant Pearson correlations of UDS and TDS EMC of DRP, NO3- -N, and
TN.
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Figure 10. Significant Pearson correlations of UDS and TDS events loadings of discharge,
and DRP.
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Figure 11. P Significant Pearson correlations of TD and UD events loadings of discharge,
DRP, TN and TSS.
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Figure 12. Significant Pearson correlations between TD and UD EMC for TN.
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Figure 13. Significant Pearson correlations of TDT and TDS events loadings of discharge,
DRP, TP, NO3-N, TN and TSS.
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Figure 14. Significant Pearson correlations of TDT and TDS EMC for NH4+-N, and TN.

Table 9. Significant and non-significant Pearson correlation values and p-values for all
plots.

Discharge
DRP EMC
DRP Load
TP EMC
TP Load
NO3--N EMC
NO3--N Load
NH4+-N EMC
NH4+-N Load
TN EMC
TN Load
TSS EMC
TSS Load

TDT v TDS
p-value r value
0.030
0.54
0.119
0.41
0.022
0.57
0.771
0.08
0.014
0.57
0.101
0.42
0.022
0.57
0.029
-0.54
0.458
0.20
0.002
0.71
0.009
0.57
0.844
0.05
0.037
0.52

TD v UD
p-value r value
0.004
0.68
0.099
0.43
0.046
0.5
0.956
0.02
0.633
0.12
0.139
0.39
0.076
0.46
0.636
-0.13
0.400
0.13
0.034
0.53
0.044
0.51
0.054
0.49
0.740
0.001
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TDS v UDS
p-value r value
0.017
0.48
0.004
0.56
0.023
0.46
0.712
-0.08
0.027
0.23
0.011
0.51
0.098
0.35
0.509
-0.14
0.150
0.30
<0.001 0.63
0.102
0.34
0.074
0.37
0.057
0.39

Large Events and the Non-Growing Season:
Large events can contribute the majority of nutrient export. For instance, the five largest
discharge events sum to 63% (111.2 mm), 72% (118.5 mm) and 61% (193.8 mm) of the
total runoff for the study duration for TDT, TDS and UDS, respectively (Figure 15, and
Table 10). The five largest events for TDT exported 48-66% of all the nutrients (Table 10).
For TDS the five largest events contributed 70-89% of the total nutrient export (Table 10).
For TDS, 87% (0.029 kg/ha) of the total DRP, 75% (2.2 kg/ha) of the TN, and 90% (91
kg/ha) of the total TSS was exported during these events (Figures 16, 17, 18, and Table
10). The Undrained Surface had the largest total export variability (34-76% export)
exporting 49% (0.12 kg/ha) of the total DRP and 76% (0.105 kg/ha) of the total TSS for
the five largest events (Figures 16 and 18 and Table 10). These events exported an average
of 65% of the runoff and 63% of the total nutrient export (Table 10). These five largest
events all occurred during the NGS when soils where frozen, or thawing. The 80:20
principal has been used to explain nutrient export, this described the relationship between
events and runoff, where 80% of the export of nutrients only occurs 20% of the time (Smith
et al., 2015). This was seen in this study were these events were a small amount of time,
and they led to a large amount of runoff and export of nutrients.
A disproportionate amount of runoff occurred during the NGS (October 15- April 15),
specifically during the late fall, winter and early spring. During this time, 93% (164.3 mm)
of the total runoff was exported from TDT (Table 11 and Figure 19). For the surface
pathways (TDS and UDS), 98% (162.4 mm) and 90% (283.7 mm) of the total runoff
occurred during the NGS for TDS and UDS, respectively (Figure 19). Van Esbroeck et al.
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(2016) found the NGS was a critical period, with 83 to 97% of the annual combined
(surface and tile) runoff occurring during this time. Annual hydrologic losses are often
dominated by the NGS when there are lower rates of evapotranspiration and higher
antecedent moisture conditions (Macrae et al. 2010). This is also expected because bare
soils in the spring cannot retain as much water as cropped soils. Crossman et al. (2011)
presented a model that predicted flow will increase from January-March (by up to 101%)
due to the change in precipitation type from snow to rain. This projected flow increase will
correspond with large increases in TP (88% in model one and 51% in model two). The
timing of P entering a system can have negative effects on water quality, causing more
extensive issues with eutrophication.
Along with the majority of runoff, the NGS also contributed the majority of P export. For
TDS 99% (0.03 kg/ha) of the total DRP was exported during the NGS and 97% (0.19 kg/ha)
of the TP (Table 11 and Figure 20). For TDT, the NGS contributed 95% (0.01 kg/ha) of
the DRP export and 94% (0.07 kg/ha) of the TP export (Table 11 and Figure 20). For UDS
the NGS contributed 90% (0.02 kg/ha) of the total DRP and 90% (0.26 kg/ha) of the TP
(Figure 22). Good et al. (2019) observed that 45-51% of TP export occurred when soils
were frozen or during the thaw period. Plach et al. (2019) found that the NGS contributes
an average of 81% of DRP and 78% of TP export. Van Esbroeck et al. (2016) found that
the NGS contributed 84 to 100% of DRP loss and 67 to 98% of TP loss occurring during
this time period. These findings are consistence with what is reported in the literature.
The NGS also contributed the greatest amount of N. The TDS exported 98% (2.9 kg/ha) of
the TN during the NGS (Table 11 and Figure 21). The UDS exported 91% (11.8 kg/ha) of
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the TN exported during the NGS (Table 11 and Figure 21). The TDT exported the greatest
amounts of N throughout the study and the NGS exported the greatest amounts of N. The
TDT exported 95% of the total NO3—N (18.2 kg/ha) and 95% of the TN (18.9 kg/ha) export
from the NGS (Figure 21). Kladivko et al. (1991) found that usually more than 90% of
NO3--N is removed with subsurface drainage during the NGS.
Ammonium-N removal was also highest during the NGS. It was expected that a greater
portion of NH4+-N export would occur during the NGS. Wet conditions hinder nitrification
due to lack of oxygen and the cold slows microbial activity (Kladivko et al. 1991). The
UDS exported 0.56 kg/ha, TDS exported 0.59 kg/ha, and TDT exported 0.08 kg/ha of
NH4+-N during the NGS (Figure 21). This was 94%, 98% and 79% of the total NH4+-N
export for UDS, TDS and TDT, respectively (Table 11).
The different pathways also exported the greatest amount of TSS during the NGS. The
UDS exported 108.2 kg TSS/ha or 91% of the total export (Table 11 and Figure 22).
Similarity TDS exported 123.1 kg TSS/ha or 95% of the total TSS export (Table 11 and
Figure 22). The pathways exported the greatest amount of nutrients from the NGS due to
higher levels of runoff that help move nutrients off the field. In addition, physical factors
such as prolonged contact time with the soil and water, bare soils and surface runoff on
frozen soils aided in nutrient and sediment removal during the NGS.
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Figure 15. Discharge by pathway from the five largest events.

Figure 16. Phosphorus export by pathway from the five largest events.
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Figure 17. Nitrogen export by pathway from the five largest events.

Figure 18. Total suspended solid export by pathway from the five largest events.
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Table 10. Percentage of total runoff and nutrient export by pathway from the five largest
events.
Pathway Runoff DRP
UDS
TDS
TDT

61%
72%
63%

49%
87%
61%

TP

NO3- -N

NH4+-N

TN

TSS

37%
70%
66%

38%
76%
64%

34%
72%
56%

44%
75%
63%

76%
89%
48%

Figure 19. Discharge by pathway (TDT, TDS and UDS) during the growing season and
non-growing season with percentage of NGS runoff in comparison to total runoff.
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Figure 20. Phosphorus (DRP or TP) load by pathway (TDT, TDS and UDS) during the
growing season and non-growing season with percentage of NGS runoff in comparison to
total runoff.

Figure 21. Nitrogen (NO3- -N, NH4+-N or TN) load by pathway (TDT, TDS and UDS)
during the growing season and non-growing season with percentage of NGS runoff in
comparison to total runoff.
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Figure 22. Total suspended solids load by pathway (TDT, TDS and UDS) during the
growing season and non-growing season with percentage of NGS runoff in comparison to
total runoff.
Table 11. Percentage of total runoff and nutrient export by pathway from the non-growing
season.
Pathway Runoff
UDS
TDS
TDT

90%
98%
93%

DRP

TP

90%
99%
95%

90%
97%
94%

NO3- -N NH4+-N
93%
99%
95%

94%
98%
79%

TN

TSS

91%
98%
95%

91%
95%
85%

Nutrient Budgets and Yields:
Inputs of manure and fertilizer were the same across the two fields but differed by the
amount each year. A sidedress application of 32% UAN (urea-ammonium nitrate) only
occurred in 2019 due to the higher precipitation rates in 2019. Corn yields were highest in
2020 for both fields (Figure 23). In 2020, TD produced a yield of 21.8 Mg/ha and UD
produced a yield of 20.4 Mg/ha (Table 12). This smaller yields from both fields in 2019
was likely due to the unseasonably late planting and late harvest. The fields were planted
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on June 25; this was a month later than 2018 and 2020. It is possible that higher yields from
TD could have been achieved if TD was planted earlier than UD, because TD was more
trafficable earlier than UD. However, due to farm restraints both were planted at the same
time. The wet spring and fall of 2019 delayed planting and harvest. The other years (2018
and 2020) had more favorable weather conditions, such as warmer weather and dryer later
in the GS that allowed the working farm to get on the field earlier than previous years. The
second highest yield (19.3 Mg/ha) for TD was in 2018. This year removed the greatest
amounts of P at 52.6 kg/ha (Table 12).
Corn yields between fields varied; 2018 saw the greatest differences between the fields,
30% greater in TD than UD. In 2019, UD had 22% greater yields than TD. In 2020, TD
had 7% greater yields (Table 12 and Figure 23). Although yields were similar in 2020, the
corn yields removed more P and N then UD (Figure 24). If better field management was
implemented TD could have attained higher yields due to increased trafficability earlier in
the GS.
Overall, with the same nutrient inputs each year TD had slightly greater yields then UD
(Table 12). Other studies have found that tile drainage can increase crop yields by 5-25%
in poorly drained soils (Wright and Sands, 2001; King et al. 2015a). In this study it was
found that yields were only slightly higher than the undrained field. The fields were treated
the same, with the same planting and harvest dates. For this reason, the full benefits of tile
drainage weren’t fully attained. Corn yields would likely have been greater if the fields
were planted and harvested at more optimal times. The overall corn yields from TD
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removed 3.5% more P (38.2 kg/ha) and 17.9% more N (200.3 kg/ha) then UD yields (Table
13).
Runoff removed small amount of nutrients compared to the total amounts applied and to
the nutrients removed by crops. The Tile Drained Field removed 0.46% of P and 7.7% of
N applied through runoff (Table 13). The Undrained Field exported 0.49% of P and 4.3%
of N applied through runoff (Table 13). The Tile Drained Field exported a greater
percentage of the N applied compared to UD. Overall the nutrients removed from crop
yields were far greater than the nutrients removed by runoff (Table 13). The crops removed
greater amounts of nutrients than were applied; this is a drawdown of nutrients.
Table 12. Total P and N inputs, corn yield, and crop removal for the study.

Year

2018
2019
2020
Average

P inputs

N inputs

kg/ha

kg/ha

17.8

100.7

29.6

206.1

40.9

137.9

29.4

148.2

Field
TD
UD
TD
UD
TD
UD
TD
UD

Corn yield
(DM)
Mg/ha
19.3
14.8
9.0
11.0
21.8
20.4
16.7
15.4

P
removal

N
removal

kg/ha

kg/ha

52.6
40.4
19.8
28.7
42.3
41.7
38.2
36.9

231.3
177.5
115.6
141.3
254.1
190.8
200.3
169.9

Table 13. Percentage of nutrients removed by runoff or crop removal.
Field
TD
UD

P removed
by Runoff
0.46%
0.49%

N removed
by Runoff
7.7%
4.3%

P removed
by Crops
130%
125%
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N removed
by Crops
134%
113%

Figure 23. Corn yields by field for the study duration.

Figure 24. Nutrient removal by crops by year for the study duration.
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Study Limitations:
The relatively short study duration of October 1, 2018 to September 30, 2020 is a factor of
concern. The variability of the weather and its influence on hydrologic factors could alter
conclusions. Trends during this period may only be applicable to this duration. A longer
study duration would help draw results that are more definitive. After results are confirmed
a baseline period should be started in order to complete statistics analysis.
Site improvements could be made to ensure power is available even when there are large
storm events. A major storm occurred on October 31, 2019 that produced 74 mm of rain.
This events flow volumes were partially recorded and partially sampled due to power
failure that produced flooding from the intense winds and rain this storm produced. Missing
data was estimated in the missing data section.
The COVID-19 pandemic caused an unexpected pause in flow sampling. Flow was
monitored but not sampled from March 29, 2020 to April 22, 2020 due to the enforced
lockdown. This time period was after the major snowmelt of 2020. As a result of no sample
collection, concentrations and loadings were estimated in the missing data section.
Two-stage sampling of baseflow and stormflow for the tile drained subsurface should be
implemented. This will help with determining the differences between baseflow and
stormflow concentrations and hydrograph separation.
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Conclusions:
Study results indicate that seasonality plays a major role in runoff and nutrient export. The
non-growing season was the most critical period for runoff and nutrient export in this
Northern NY study; specifically the non-growing seasons exported upwards of 99% of the
total phosphorus and 95% of the total nitrogen export. In addition, large storm events that
occurred during a fraction of the time were responsible for at least 64% of the runoff and
nutrient export. There is a clear need for management during the non-growing season in
the late fall, winter and early spring when most runoff and nutrient export occurs. Greater
runoff was seen from TD, and TDT dominated in nitrogen runoff while TDS exported
greater amounts of phosphorus. The presence of tile drainage reduced the total surface
runoff volume from TDS. The Undrained Field exported greater amount of P for the study
duration. This was due to higher P concentrations and higher rates of surface runoff. This
study had lower P and N export than other studies. Overall tile drainage helped stabilize
the fluctuations in moisture and temperature variability and produced slightly higher yields.
Variability was seen between the study years, likely due to weather variability and
management practices such as the late planting in 2019. A longer-term study will help
solidify findings. Management strategies should be implemented to help reduce nutrient
export from the fields such as applying manure only in the late spring after major runoff
events occur. This will decrease the likelihood that nutrients will be removed with runoff
rather than incorporated and used by the crops and also increase nutrient use efficiency.
The addition of planting a cover crop in the late summer or early fall would help reduce
nutrient loss in the NGS (Strock et al. 2004). The next steps for this study should include
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another year of comparison for the two fields, then a baseline period where the tile drain
would be plugged to simulate an undrained field.
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